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Small-scale, low-mass embedded systems have received significant interest in
a variety of applications as the capabilities of embedded electronics have in-
creased. Examples of new realizable applications are self-reliant bio-loggers
and tracking tags for small animals. Due to the small scale and low power lev-
els, the power management for these systems presents significant challenges.
In this dissertation, research will be presented on various aspects of the flow of
energy on a self-reliant embedded system. First, an investigation into the dy-
namics of combining the power from multiple energy harvesting devices will
be shown. The work provides guidelines for energy harvesting systems com-
bining photovoltaic and piezoelectric devices as well as an array of multiple
piezoelectric devices. Using the knowledge gained from this work, effective
multi-source energy harvesting systems can be designed. Next, a novel method
for the low-loss AC-DC rectification of a vibration energy harvester is presented
and evaluated. The new rectification technique allows for more efficient power
conversion in addition to the rectification of low-voltage harvesting systems.
This is performed without active electrical circuitry and does not require ex-
ternal power sources for full operation. The last topic is the investigation of
the energy storage design challenges for a self-reliant avian bio-logger. Proto-
typical operation requirements are developed to determine the most pertinent
challenges and a preliminary system design is presented and evaluated. Using
the analyses performed on the prototypical system, new small-scale self-reliant
embedded systems can be realized to further increase the tools scientists have
at their disposal for understanding the behavior of small animals.
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CHAPTER 1
PASSIVE MULTI-SOURCE ENERGY HARVESTING SCHEMES 1
1.1 Introduction
As electronic systems decrease in size and become more mobile, power source
endurance becomes increasingly important. As a power source’s energy ca-
pacity is proportional to its mass and volume, there is a trade-off between en-
durance and size. One approach to this issue is to recharge the batteries with-
out plugging into an existing power grid. This involves storing energy gath-
ered from the environment using transducers, also known as energy harvesting.
There are many desirable applications of energy harvesting, such as wireless
sensor networks [51, 49, 46], wildlife tracking [40], and personal electronics like
cell phones. Significant amounts of work has explored the geometric optimiza-
tion of energy harvesting devices [18]. As a result, research has shifted to using
complex feedback control circuitry, among other topics.
Many of the schemes focus on power maximization from the harvester
[76, 11, 36, 74, 34, 27, 28, 63, 37, 38, 32]. While the schemes produce signifi-
cant increases in the maximum instantaneous power produced, they all draw
from the stored energy to control the additional circuitry. Guan and Liao (2007)
investigates the harvesting efficiency of the Impedance Adaptation method [48]
as compared to a passive harvesting circuit with only a full-bridge rectifier. The
results show that the passive method is more efficient at harvesting and storing
energy due to the power losses in the components needed for the Impedance
1This chapter was originally published as a journal article in the Journal of Intelligent Material
Systems and Structures [57] and is reproduced here with permission of SAGE Publications.
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Adaptation method. Also, most of the methods make use of inductors to mini-
mize the power losses resulting from the associated switching. As the inductor
voltage decreases, the efficiency of the inductor decreases and the size increases.
Therefore, with low-voltage harvesters, these methods result in unfavorable
trade-offs between performance and mass [12]. Others focus on the overall
power management of the system as well [31, 47]. Regardless of the method,
more applications and opportunities for energy harvesting can be realized by
increasing the power output of the harvesting system.
Another method for increasing the robustness and versatility of energy har-
vesting systems is to utilize multiple harvesters simultaneously [40, 39, 73, 49,
46]. The idea of combining multiple systems for stand-alone power generation
onto one energy storage unit first appeared with large-scale power generation
systems [72, 71, 41, 20, 17, 4]. While these studies focused on stand-alone power
generation systems for residential applications, energy harvesting applications
present different challenges in terms of power levels, size and mass. The lower
power levels available emphasize the need for a very efficient power manage-
ment system. Figure 1.1 illustrates the flow of power in a multi-source system
from the different harvesters, through the conditioning circuitry into the energy
storage medium, and then to the load. The energy harvesters shown represent
the most commonly used methods: piezoelectric and photovoltaic. Any power
lost to the control of the conditioning circuitry or for the transfer of power is
represented.
Initial prototypes of adaptive, multi-source energy harvesting systems exist
in the literature [49, 46]. They use active control systems to isolate the harvesters
and combine the energy onto a single power source for wireless sensor nodes.
2
Figure 1.1: Multi-source energy harvesting schematic
Park and Chou (2006) combine solar and wind energy onto a lithium-polymer
battery using a supercapacitor array charged through DC-DC boost regulators
by the harvesters. The DC-DC boost regulators are part of a closed-loop max-
imum power point tracking (MPPT) technique to transfer power to the capac-
itors. This system uses only analog components for the control and consumes
less than 1.65 mW. Morais et al. (2008) charge a nickel-metal hydride battery
with a solar cell, a wind generator and a hydroelectric turbine. The energy on
separate buffer capacitors is transferred to the battery using DC-DC boost con-
verters as switches, which are controlled using a microcontroller.
This work explores passive multi-source energy harvesting schemes for
combining power from multiple harvesters onto a single storage capacitor.
These schemes do not suffer from additional power losses or complexity from
active switching power management systems and can be used as a baseline for
comparison with more complex methods. Also, due to the passive nature of the
schemes they do not need to be designed or adjusted to the excitation frequency.
This attribute makes them a practical comparison for baseline purposes and an
option for stochastic or widely varying excitation frequencies. Two cases are
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explored: one using a piezoelectric and a photovoltaic harvester and the other
using an array of piezoelectric harvesters. Both series and parallel topologies
are considered. Circuit simulations (LTspice IV) provide a fast and repeatable
method for characterizing the dynamics of these circuit topologies while using
accepted piezoelectric and photovoltaic circuit models. The results and tech-
niques presented should not be thought limited to the aeroelastic energy har-
vesters or the solar cells reported, but the circuits applicable to any multi-source
energy harvesting system using either a piezoelectric and a solar harvester or an
array of piezoelectric harvesters.
1.2 Multi-source schemes analysis
This section explains the methods used to analyze the results of the simulations.
The maximum instantaneous power flow is used to evaluate the capabilities of
the harvester when it’s operating at its peak performance levels. Power here
refers to the instantaneous power of the storage capacitor, PCL, (equation (1.1)).
Also, unless otherwise noted, the voltage, power, energy, and charge time vari-
ables all refer to the storage capacitor, CL, for each topology. Since the piezoelec-
tric harvester’s signal is AC, much of the data oscillates at the rectified piezo-
electric frequency of 2 × fP = 10 Hz. Connecting the maximums or minimums
of each oscillation cycle creates smoothed data sets which represent the upper
or lower envelopes of the data, respectively. Viewing the data in this manner
allowed for a clearer interpretation of the behavior of the system by eliminating
the 10 Hz oscillation from the plots. Figure 1.2 shows the upper envelope of an
4
example set of data.
PCL (t) = VCL (t) ICL (t) =
(
CLV˙CL (t)
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Figure 1.2: Example of the creation (a) and result (b) of the storage capacitor
power upper envelope
Average power,Pavg (equation (1.2)), calculations examined the effectiveness
of the topology at storing the harvested energy over the entire charge cycle.
The charging time, tf , is defined as the time it took for the capacitor voltage
to be within 2% of its final value for the multi-source topology being analyzed.
The initial time, to, represents the start of the charging cycle, or zero in this case.
Examining the average power avoids dealing with the dependence of the energy
level and charge time metrics on the storage capacitance during the analysis.
Pavg =
1
tf − to
∫ tf
to
PCL (t) dt (1.2)
1.2.1 Piezoelectric circuit model
The The´venin equivalent circuit model shown in figure 1.3b exhibits the same
impedance behavior as lead zirconate titanate (PZT) [50]. It represents the
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piezoelectric cantilever harvester shown in figure 1.3a for systems with low elec-
tromechanical coupling. This model is built on many assumptions, such as that
the beam is always excited at resonance and that the excitation amplitude is con-
stant. Wickenheiser et al. (2010a) experimentally proved that the assumption of
constant excitation amplitude is valid for piezoelectric energy harvesters with
low electromechanical coupling. Harvesters with low electromechanical cou-
pling are preferable for the low-amplitude vibration sources commonly seen in
desired energy harvesting applications. The simulations reported herein use the
ideal The´venin equivalent circuit with ZC = CP .
Figure 1.3: The (a) standard physical piezoelectric energy harvester and the (b)
The´venin piezoelectric equivalent circuit
The aforementioned aeroelastic flutter wind energy harvester served as the
baseline for the piezoelectric circuit model. A pair of MIDE Quickpack QP10n
piezoelectric patches is adhered to base of the beam in a bimorph configuration
[7]. Unless otherwise stated, the simulation parameters are: AP = 30 V, fP = 5
Hz, and CP = 110 nF, to match the experimentally obtained 2 mW maximum
power output of the aeroelastic flutter wind energy harvesters across a 263 kΩ
load. Here, AP represents the amplitude of the AC piezoelectric voltage signal
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and fP the oscillation frequency. This wind energy harvester was chosen due
to its high voltage level, an oscillation frequency in the range of many environ-
mental vibration sources, and its low electromechanical coupling. Figure 1.4
shows the typical piezoelectric energy harvesting circuit used with a storage ca-
pacitor and a full-bridge rectifier. For the simulations, the LTspice model for the
On Semiconductor MBR0520L Schottky diodes was used to reduce the effects of
diode voltage drops. The model for the TDK C575OX5ROJI07M, 100 µF storage
capacitor was chosen to sufficiently reduce the ripple in the rectified signal.
Figure 1.4: Separate piezoelectric charging circuit P
1.2.2 Photovoltaic circuit model
The photovoltaic circuit model assumes an ideal cell, with ideal I-V characteris-
tics (figure 1.5) [67]. It is comprised of a constant current source, IL, in parallel
with a diode, DPV . Here, IL represents the photogenerated current and DPV the
pn-junction of the cell. The current output of the photovoltaic cell is defined
by equation (1.3), where IS is the diode saturation current, q is the charge of an
electron, T is the diode temperature, and k is Boltzmann’s constant.
I = IL − IS
(
e
qV
kT − 1
)
(1.3)
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Figure 1.5: Ideal photovoltaic cell circuit model
To create the model for the diode, the emission coefficient, n, is inserted into
the junction current equation as per the Shockley ideal diode equation (equation
(1.4)). Here, ID, PV is the pn-junction diode current. Rearranging to solve for the
emission coefficient, as shown in equation (1.5), the diode model for the junction
is defined by the saturation current and the emission coefficient. A constant
solar radiation is assumed for the simulations reported herein. Therefore, the
maximum specifications for current and voltage for the photovoltaic replaced
the diode current and voltage (ID, PV = IPV, max and VD, PV = VPV, max) as given
in equation (1.6)[60].
ID, PV = IS
(
e
qVD, PV
nkT − 1
)
(1.4)
ln
(
ID, PV
IS
+ 1
)
=
qVD, PV
nkT
⇒ n = qVD, PV
ln
(
ID, PV
IS
+ 1
)
kT
(1.5)
n ≈ qVPV, max
ln
(
IPV, max
IS
)
kT
, for IPV, max  IS (1.6)
For the photovoltaic harvesters, a thin film panel from Silicon Solar, Inc.,
served as the baseline for the photovoltaic model: VPV, max = 6 V and IPV, max =
50 mA. To produce theoretical maximum power outputs other than 300 mW,
IPV, max varies while VPV, max stays constant. A 10 pA saturation current and
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room temperature (T = 300 K) are assumed. To protect the photovoltaic, two
diodes separate it from the storage capacitor, as shown in figure 1.6. The first
diode, D, an ON Semiconductor 1N5819 Schottky diode model, prevents cur-
rent from flowing from the storage capacitor into the photovoltaic. The second
diode, DZ , an ON Semiconductor BZX84C6V2L Zener diode model, limits the
voltage over the solar cell to below the maximum 6 V specified by the man-
ufacturers. Since the simulations use an ideal photovoltaic model there is no
impedance for the harvester and the maximum power level does not vary with
the load capacitance.
Figure 1.6: Photovoltaic charging circuit, S
1.2.3 Multi-source: solar & piezo
For this section, the addition of a subscript P denotes the piezoelectric harvester
only, an S the solar harvester only, SPS the solar and piezoelectric harvesters
in the series topology, and SPP the solar and piezoelectric harvesters in the
parallel topology. Solar harvesters possess a much higher energy density than
piezoelectrics and are commonly the first method considered, therefore the re-
sults in this section are presented as changes with regard to a solar harvester.
Also, r (equation (1.7)) gives the ratio of the solar harvester output power to the
peizoelectric’s. When r varies, the solar harvester’s output power is varies and
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the piezoelectric power output remains constant.
r =
PS, max
PP, max
(1.7)
Solar and piezo - series SPS topology
The rectified piezoelectric harvester is placed in series with the solar harvester
(figure 1.7). The Zener diode, DZ , prevents the voltage seen by the solar cell
from exceeding its maximum allowable level of 6 V. These components are then
placed in series with an ideal storage capacitor, CL.
Figure 1.7: Passive solar and piezoelectric series topology, SPS
A significant advantage of the SPS topology is a higher available voltage.
This is desirable for multiple reasons. First, the electronic components which
the energy harvesting system typically power have a minimum voltage nec-
essary to operate, normally around 2.2 to 3.6 V. As solar cells are low-voltage
harvesters, the addition of a piezoelectric harvester can help meet these volt-
age requirements. Second, the higher the voltage, the more energy stored in the
10
capacitor for use by the electronic components (equation (1.8)).
ECL(t) =
1
2
CLVCL(t)
2 (1.8)
Solar and piezo - parallel SPP topology
The rectified piezoelectric harvester is placed in parallel with the solar harvester
(figure 1.8). The Zener diode, DZ , prevents the solar cell from seeing too high
of a voltage just as in the SPS topology. The diode, D, prevents any backward
current from flowing through the solar cell as it is no longer in the same current
loop as the full-bridge rectifier. These components are placed in parallel with an
ideal storage capacitor, CL.
Figure 1.8: Passive solar and piezoelectric parallel topology, SPP
An advantage of the SPP topology is that the currents from the two systems
are summed, not the voltage. For high-voltage harvesters, this topology would
not result in significantly high voltages which could be more difficult to regulate
to the 2.2 to 3.6 V range.
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Solar and piezo - r u 1
One of the significant advantages of the SPS topology is that it allows for higher
storage capacitor voltages and therefore higher amounts of stored energy. Fig-
ure 1.9 shows the storage capacitor energy curves during the charging cycles
for both of the multi-source topologies as well as the separate piezo and solar
harvesters. Due to the summation of the piezoelectric and solar voltage levels,
the SPS topology’s stored energy curve settles to a significantly higher value.
The amount of energy stored due to the solar cell, shown in figure 1.9(b), is ac-
tually quite small in comparison to the other topologies. However, a caveat of
the higher available voltages and stored energy is the amount of time it takes to
charge up to the higher levels.
0 50 100 150 200 250 300
0
10
20
30
40
50
60
70
Time,  t (sec)
St
or
ed
 E
ne
rg
y,
  E
CL
 
(m
J)
 
 
 SPP
 SPS
 S
 P
(a)
0 5 10 15 20
0
2
4
6
8
10
Time,  t (sec)
St
or
ed
 E
ne
rg
y,
  E
CL
 
(m
J)
 
 
 SPP
 SPS
 S
 P
(b)
Figure 1.9: The capacitor stored energy curves for the SPS, SPP , P (a) and S
(b) topologies with the charge times, tf , marked
Examining the results shown in figure 1.9 as well as in table 1.1, the SPS
topology stores approximately 37 times more energy than the solar cell, S. How-
ever, it takes approximately 90 times longer to store that energy. This relation-
ship is represented much more cleanly by examining the average power of the
energy charging cycles for the different topologies. Table 1.1 shows that the so-
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lar harvester has an average power of 0.89 mW, while the SPS topology is only
at 0.36 mW. The SPP topology’s average power is lower, equal to that of the
piezoelectric harvester, P , at 0.25 mW. The average power for the P topology
is lower than that of the S topology even though PP, max u PS, max because the
oscillations of the rectified piezoelectric’s AC signal prevent the steady flow of
current into the capacitor that occurs with the solar harvester.
Table 1.1: Charging statistics for energy harvesting circuits
S P SPS SPP
Final voltage, Vf (V) 5.8 29 35 29
Final stored energy, Ef (mJ) 1.7 43 61 42
Charge time, tf (sec) 1.9 178 171 167
Average power, Pavg (mW) 0.89 0.24 0.36 0.25
Maximum power, Pmax (mW) 1.5 2.0 2.5 2.0
The addition of the piezoelectric to the solar harvester in either the SPS or
SPP topology negatively affects the average power of the systems while pro-
viding higher voltages and stored energy. The capacitor power versus voltage
curves (figure 1.10) illustrate the cause of the significant effect of adding the
piezoelectric. Recall that VPV, max = 6 V. After this voltage, the solar cell is no
longer able to contribute and all of the photogenerated current, IL, dissipates
over the pn-junction of the cell, DPV . Figure 1.10(a) shows that just before the
maximum solar voltage level, the multi-source topologies switch from closely
following the charging curve of the solar harvester to following the charging
curve of the piezoelectric harvester. This can be described as the charging curve
being separated into a “solar-dominant” and a “piezo-dominant” region for
SPS and SPP topologies. Note that the upper envelope is used to represent
the power of the SPP and SPS topologies for VCL > 6 V. The upper envelope is
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used for the entire range of voltages for the P topology. Therefore, for the multi-
source topologies, the high average power solar cell is only contributing power
for a small fraction (1%) of the entire charging time. The rest of the charging is
dominated by the low average power piezoelctric harvester. a
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Figure 1.10: The capacitor power as a function of voltage for the SPS, SPP , P ,
and S topologies
Figure 1.10 also illustrates a significant difference between the SPS and SPP
topology power behavior while VCL < 6 V. The SPP topology curve shows visi-
ble oscillations at the rectified piezoelectric frequency constructively added onto
the S topology curve. Therefore, during the “solar-dominant” section of the
charging curve for the SPP topology, both the solar cell and the piezoelectric
are contributing comparable amounts of power, resulting in a power increase
over just the S topology itself. The same behavior is not seen during the “solar-
dominant” section of the SPS charging curve.
The advantages of the SPP topology can be seen by examining the results
of the schemes when only the period where the photovoltaic can contribute is
considered (table 1.2). These results would occur if the storage capacitor is dis-
charged by the load such that VCL < 6 V always. As the table shows, in this
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situation the average power, maximum power, and charge time results are bet-
ter for the SPP topology than the S topology.
Table 1.2: Charging statistics for energy harvesting circuits for VCL < 6 V
S P SPS SPP
Final voltage, Vf (V) 5.9 5.9 5.9 5.9
Final stored energy, Ef (mJ) 1.7 1.7 1.7 1.7
Charge time, tf (sec) 1.9 10 2.4 1.8
Average power, Pavg (mW) 0.89 0.17 0.72 0.96
Maximum power, Pmax (mW) 1.5 0.61 1.3 2.0
From these results, it can be said that the choice between the multi-source
topologies depends on the characteristics of the load. For a high-power, low-
duty cycle load, the SPS topology would prove effective due to its ability to
store significant amounts of energy at once. An example would be wireless
sensor node communication. The data transmission power requirements for
the integrated RF transmitter in the MSP-CC430 microcontroller are 37.5 mW
for receiving and 24-43.5 mW for transmitting. For energy harvesting solutions
with maximum power levels not in this range, energy storage solutions are nec-
essary. The high energy storage capabilities of the SPS topology will allow the
system to better provide the short bursts of power necessary. For a low-power,
low-duty cycle load, the SPP topology would prove effective due to its higher
instantaneous power characteristics when VCL < 6 V. This will allow for the
energy harvesting system to directly power the load, store energy, and signifi-
cantly reduce the overall system mass by decreasing the size of the battery.
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Solar and piezo - r  1
For multi-source energy harvesting systems, the power outputs of the two sys-
tems will not always be approximately equal to one another. As the solar cell
will be subject to diurnal cycles as well as weather patterns, the output will
vary significantly over the course of just a day. Figure 1.11 shows the maximum
power of the multi-source topologies for the storage capacitor as the power ra-
tio, r, given by equation (1.7), varies. Specifically, the piezoelectric parameters
stay constant to produce the 2 mW maximum power output and the solar pa-
rameters vary. As r increases beyond one, the maximum power for the SPP
topology is consistently greater than that of the SPS topology. This is a result
of the additional piezoelectric power added on top of the SPP topology during
the “solar-dominant” section of the charging curve. This plot also shows that
for r > 1.75, the maximum power of both systems increases linearly with the
solar cell. This means that there are no negative effects of having the solar cell
at a significantly higher power output level that are not present for the case of
r u 1.
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Two other cases of interest are when one of the harvesters is not producing
any power output. These instances can be equated to nighttime for the solar
cell and periods of calm winds or no vibrations for the piezoelectric. As fig-
ure 1.12(a) shows, when the solar cell is not producing any power, the charg-
ing curves for both of the multi-source topologies closely match that of the P
topology. Figure 1.12(b) shows the same is true when the piezoelectric is not
producing any power. These results show that the circuit architectures for the
SPS and SPP successfully isolate the harvesters from one another, prevent-
ing power from dissipating over one or the other. This characteristic is key for
a multi-source topology as part of the advantage of this type of system stems
from the ability of the two energy sources to compliment one another.
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Figure 1.12: The capacitor power as a function of voltage for the SPS, SPP ,
P , and S topologies when the solar cell (a) and the piezoelectric (b) are not
producing any power
1.2.4 Multi-source: array of piezos
In the case of an array of piezoelectrics, both harvesters use the same method of
transduction. However, differences between the signals can arise due to small
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differences between the harvesters. As illustrated by the set of equations rep-
resenting the AC signals of the two harvesters (equation (1.9)), a phase angle,
φ, a difference in frequency, ∆f , and a difference in amplitude, ∆A, can occur.
The nature of the differences depends highly on the method of excitation. For
fluid flow excitation, frequency and phase differences would be expected more
often than for mechanical vibrations. However, for all cases, amplitude differ-
ences would be a major concern due to the difficulty in manufacturing multiple
piezoelectric harvesters with the same natural frequency.
VP1 = AP1 sin (fP1 ∗ t)
VP2 = AP2 sin (fP2 ∗ t+ φ)
(1.9)
A standard piezoelectric harvesting system served as the control for compar-
ison (figure 1.4) to evaluate the performance of the multi-source circuit topolo-
gies. This control harvester was always at the baseline presented in section 1.2.1.
All of the component characteristics for the multi-source topologies are detailed
in that section as well. Throughout the analysis, a subscript PPS denotes the
series and a PPP the parallel multi-source harvesting topologies.
Array of piezoelectrics - series PPS topology
The two piezoelectric energy harvesters are placed in series after rectification for
the passive series circuit topology (figure 1.13). The potential advantages of this
topology are the same as in the SPS topology, namely higher storage capacitor
voltages and energy levels through the summation of AP1 & AP2.
In the absence of differences between the two signals, the charge time and
the final voltage are both twice that of the P topology. However, since the final
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Figure 1.13: Series passive circuit topology, PPS
stored energy is four times that of the P topology, the average power doubles.
The maximum power is double that of the P topology as well. Therefore, in
the absence of differences between the two signals, the PPS topology construc-
tively combines the power from the two systems very effectively.
Array of piezoelectrics - parallel PPP topology
In the parallel topology, the piezoelectric harvesters are placed in parallel after
rectification (figure 1.14). This topology has the same potential advantages as
the SPP topology, namely constructive current interference.
In the absence of differences between the two signals, the final voltage and
stored energy level is equal to that of the P topology. However, the charge time
is half that of the P topology, resulting in double the average power. The maxi-
mum power is double that of the P topology as well. As with the PPS topology,
in the absence of differences between the two signals, the PPP topology con-
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Figure 1.14: Parallel passive circuit topology, PPP
structively combines the power from the two systems very effectively.
Array of piezoelectrics - phase angle, φ
When a phase angle is introduced between the two harvesters in the multi-
source topologies, the results of the simulations show that the storage capaci-
tor charging is significantly affected. Figure 1.15 shows the effects of a varying
phase angle on the capacitor final stored energy and average power. For the
PPS topology, the capacitor final voltage level, final stored energy, and average
power all decrease as the phase angle increases. The PPP topology remains
unaffected. This can be explained by considering that for the individual piezo-
electric harvesters to send current to the storage capacitor in the PPS topology,
its rectified voltage must be higher than the sum of the storage capacitor voltage
and the rectified voltage from the other piezoelectric harvester. When the two
harvesters are out of phase, the rectified voltage from one of the piezoelectrics
reaches its peaks before the other, creating periods of time where one of the har-
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vester’s voltage level is too low to conduct current. This does not occur in the
PPP topology because the two piezoelectrics and the storage capacitor must all
be at the same voltage level at all times.
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Figure 1.15: The capacitor stored energy (a) and the average power (b) for the
PPP and PPS topologies
Figure 1.16 shows how the instantaneous storage capacitor power is affected
for both of the topologies. For the PPS topology, the maximum power level de-
creases along a quartic curve with respect to the capacitor voltage level (figure
1.16(a)). For the PPP topology, it decreases linearly until about 80◦, at which
point it starts increasing again (figure 1.16(b)). This means that as the phase
between the two signals varies, the capacitor voltage at which the harvester
system’s peak performance occurs varies. It has been reported that a piezoelec-
tric harvester charging a capacitor through a full-bridge rectifier experiences
its maximum power levels, or peak performance, at half of the final charged
voltage of the capacitor [76]. Since the final charged voltage of the capacitor is
changing in the PPS topology, the capacitor voltage associated with the peak
performance changes as well. For the PPP topology, the variation in the peak
performance capacitor voltage is caused by the variations in destructive and
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constructive interference between the harvester rectified voltages mentioned
earlier.
(a) (b)
Figure 1.16: Upper envelope of the instantaneous power for the PPS (a) and
PPP (b) topologies as φ varies
The performance of the passive multi-source topologies is significantly af-
fected by a phase angle between the two harvester signals. The PPP topology
performs more reliably than the PPS topology as only the maximum power
level is affected with a phase angle. For the PPS topology, the final stored
energy and average power levels are affected as well. The choice between
the two topologies depends on the nature of the excitation signals. With ma-
chine vibrations, the response will be relatively predictable and the choice much
simpler. However, with a stochastic excitation such as wind energy, knowing
whether the phase angle between the two signal varies with any consistency or
is stochastic itself will dictate which topology will perform better in this regard.
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Array of piezoelectrics - frequency difference, ∆f
A frequency difference, ∆f , between the two harvesters causes the phase an-
gle between the two signals to vary at a rate directly related to the frequency
difference. This interaction creates a ripple in the charging curve for the PPS
topology (figure 1.17). As the frequency difference between the two harvesters
increases, the charging curve converges to a lower level. However, for the PPP
topology, the charging curve remains constant for ∆f 6= 0.
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Figure 1.17: Capacitor charging curves as a function of ∆f for the PPS topology
The reason for the ripple in only the PPS topology can be explained by
looking at the voltage and power curves of the storage capacitor simultane-
ously with respect to time (figure 1.18). For a ∆f = 0 Hz (a), both the capacitor
voltage and power are smooth, however when a ∆f = 0.001 Hz (b) is intro-
duced, significant changes occur in the power curve. The power curve changes
from the normal smooth curve for piezoelectric energy harvesting to a series of
pulses; power is no longer flowing in a consistent manner, causing the capaci-
tor to charge in bursts. As mentioned in the previous section, when the signals
are out of phase they reach their peak voltages at different times and sum to a
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lower amplitude than if the phase angle was zero. With a frequency difference,
the phase angle is constantly varying and most of the time the signals are not
summing to their maximum amplitude. This causes significant periods where
the harvester voltages are too low to charge the capacitor and results in the
pulses of power shown in figure 1.18(b).
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Figure 1.18: Normalized storage capacitor voltage and instantaneous power for
∆f = 0 Hz (a) and 0.001 Hz (b) for the PPS topology
The effect that a frequency difference has on the upper envelope of the in-
stantaneous power curves is shown in figure 1.19. While the voltage curve for
the PPP topology is not adversely affected by the ∆f , the power is. It creates
significant oscillations between constructive and destructive interference, caus-
ing these erratic ripple patterns for both the PPP (b) and PPS (a) topologies.
This behavior would complicate power management systems controlling the
capacitor charging to maintain operations in the maximum power range, as the
system could easily slip from a high power region to a low power region even if
limited to a small capacitor voltage range. However, if any frequency difference
is expected between the two harvesters, the PPP topology is less affected.
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(a) (b)
Figure 1.19: Upper envelope of the instantaneous power for the PPS (a) and
PPP (b) topologies as ∆f varies
Array of piezoelectrics - amplitude difference, ∆A
Another possible difference between the two harvesters is the amplitude of the
piezoelectric voltage, ∆A. When varying ∆A, the first expected result is that
the final stored energy for the PPS topology decreases linearly with an in-
creasing ∆A (figure 1.20). As the voltage signal from one of the harvesters de-
creases in amplitude the sum of the amplitudes decreases, causing a decrease
in the final charged voltage of the capacitor. Also, the final stored energy for
the PPP topology should not change as the voltages of the two harvesters are
not summed. However, it was mentioned earlier that the voltages of the recti-
fied outputs from the two harvesters and the storage capacitor must be equal
at all times as they are all in parallel. In this instance, when the voltage of one
harvester exceeds that of the other, the lower voltage harvester stops contribut-
ing power when VCL > AP and the difference between the two is taken up as
blocking voltages by the full-bridge rectifier. The full-bridge rectifiers success-
fully isolate the harvesters from one another in the PPP topology and allow the
storage capacitor to charge to the voltage of the higher piezoelectric harvester.
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Figure 1.20: Final capacitor stored energy as a function of ∆A
The lower voltage harvester no longer contributing when VCL > AP signif-
icantly affects the average power of the PPP topology. Figure 1.21 shows the
average power for both topologies as ∆A increases. While the PPS topology
shows a linear decrease in the average power corresponding with the decrease
in the final capacitor voltage, the PPP topology exhibits an exponentially de-
caying average power down to an asymptote. This can be understood as the
amount of power contributed by the lower power harvester becomes negligible
as the ∆A increases, and the average power converges to the average power of
a single harvester, 0.25 mW. The fact that this is an exponential decrease and
not a linear one shows that even small ∆A values have significant affects on the
performance of the PPP topology.
These trends are exhibited as well in the upper envelopes of the instanta-
neous power for the storage capacitors (figure 1.22). For the PPS topology, the
maximum capacitor voltage decreases linearly, and the capacitor voltage at the
maximum power decreases linearly at the same rate. For the PPP topology,
there is a clear drop-off in the power levels following along a line starting from
VCL = 30 V at ∆A = 0 V and intersecting with VCL = 0 V at ∆A = 30 V. This
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Figure 1.21: Topology average power as a function of ∆A
line represents the point in the charging curve at which the lower voltage har-
vester ceases to contribute power to the capacitor charging. As a result, the PPS
topology is insensitive to performance degradations from a ∆A not caused by
the different overall voltage levels. However, the PPP topology is affected by
voltage incompatibilities between the lower voltage harvester and the storage
capacitor, significantly affecting the topology’s average power and maximum
power levels.
(a) (b)
Figure 1.22: Upper envelope of the instantaneous power for the PPS (a) and
PPP (b) topologies as ∆A varies
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1.3 Conclusions
Two, passive multi-source energy harvesting systems were explored as possi-
ble methods to vastly increase the robustness and effectiveness over single har-
vester systems. The piezoelectric circuit model used is an ideal model applicable
to piezoelectric harvesters with low electromechanical coupling. Further exami-
nations of specific instances of these schemes will utilize a more complex piezo-
electric circuit model, such as the one presented by Elvin and Elvin [22]. This
will allow for the isolation of the effects of the ideal signal interaction observed
here and the electromechanical coupling, providing a thorough understanding
of the schemes.
The first was the combination of a piezoelectric and a photovoltaic into both
a parallel (SPP ) and a series (SPS) topology. When the capacitor was allowed
to fully charge, the SPS topology exhibited higher final stored energy levels
than would normally be available with either the piezoelectric harvester (P ) or
the solar harvester (S). The higher stored energy levels lends the SPS topology
toward high load, low duty cycle applications where the bursts of power needed
are significantly above that either the solar or the piezoelectric are capable of
providing. Both the SPS and SPP topologies exhibited “piezo-dominant” and
“solar-dominant” charging periods, as the solar harvester provided high power
levels below its maximum voltage and the piezoelectric charged the storage ca-
pacitor up to its higher voltage level. The SPP topology showed increases in
the maximum power during the “solar-dominant” period as the power from
the two harvesters summed. Therefore, the SPP topology lends itself toward
low load, high duty cycle applications as the storage capacitor voltage can be
discharged below the solar maximum voltage level to maintain the topology
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harvesting in the high power region. When the power output from the two
harvesters are not equal, the advantages exhibited by each respective topology
were not significantly affected. Also, the circuit architecture was shown to effec-
tively isolate the two harvesters from one another such that when one harvester
is not producing any power, the other harvester charging the capacitor unim-
peded.
For small, low-power piezoelectric energy harvesters, array configurations
present a significant design tool for developing energy harvesting systems. An
array of piezoelectrics, multi-source harvesting scheme was explored in both a
series (PPS) and a parallel (PPP ) topology. Both the series and the parallel
topology doubled the instantaneous maximum power available from a single
harvester. Also, the series topology provided the advantage of a higher avail-
able voltage level and final stored energy levels. However, the introduction
of differences between the two harvesters significantly degraded the perfor-
mance of these topologies. The series topology proved to be highly sensitive
to phase angles and frequency differences between the harvesters. On the other
hand, the parallel topology was significantly affected by an amplitude differ-
ence. Also, the maximum instantaneous power levels were affected by phase
angles and frequency differences for the parallel topology, while the average
capacitor charging rate was unaffected. Both systems also exhibited beat phe-
nomenons in their instantaneous power curves with respect to the voltage levels
of the capacitors in the presence of a frequency difference. However, given an
array of piezoelectric harvesters where few differences are expected these pas-
sive, multiplicity of piezoelectrics multi-source topologies effectively harvest
the available energy while minimizing the necessary control and the number of
components.
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Future considerations of these schemes for specific instances will examine
the use of the power optimization methods mentioned in the Introduction.
Specifically, the question of whether a single power optimization technique
could be applied to the passive multi-source schemes presented here as opposed
to separate techniques for each harvester will be addressed. This will allow for
harvesting significantly more power while only suffering from the overhead of
a single power optimization technique.
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CHAPTER 2
A LOW-LOSS HYBRID RECTIFICATION TECHNIQUE FOR
PIEZOELECTRIC ENERGY HARVESTING 2
2.1 Introduction
The continual advances in small-scale electronics has increased the demand for
the development and use of embedded systems, or remote battery-powered sys-
tems. However, the limited capacity of small-scale energy storage technology
necessitates methods for generating in situ power. As a result, energy harvest-
ing has gained significant attention in recent years with the goal of creating
self-reliant embedded systems.
Ambient vibration sources exist in many locations and are of particular in-
terest as a potential power source when solar power is not readily available.
Over the past couple of decades, a significant body of work explored the use of
piezoelectric vibration energy harvesting devices to power embedded systems
[65, 2]. The majority of piezoelectric energy harvesters reported in the litera-
ture produce relatively small amounts of power, in the mW-µW range. Efficient
power conditioning is key for piezoelectric vibration energy harvesting to pro-
duce the power levels necessary for embedded systems.
One challenge present for all piezoelectric energy harvesting systems is that
the transducer power output is inherently AC while the majority of embedded
system electronics require a constant DC source. A full-bridge rectifier using
semiconductor diodes is the most common configuration (figure 2.1). Table 2.1
2This chapter was originally published as a journal article in Smart Materials and Stuctures
[55] and is reproduced here with permission of IOPscience.
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illustrates the difficulty of designing a high-efficiency, low-power rectifier using
semiconductor diodes. For diodes with low forward voltage drops, VF , the re-
verse leakage current, IR, is typically quite high. While lower forward voltage
drops allow for higher output voltages and the ability to rectify lower voltage
signals, the higher reverse leakage current leads to drops in efficiency as well
[13, 14]. Lastly, the maximum DC blocking voltage, VR,max, must also be greater
than the maximum piezoelectric voltage amplitude to prevent diode failures.
Figure 2.1: Schematic of a standard piezoelectric charging circuit using a semi-
conductor diode full-bridge rectifier.
Table 2.1: Characteristics of common commercially available semiconductor
diodes.
Manf. Num. VF (V ) @ IF (A) VR,max(V ) IR(µA) @ VR(V )
1N5818 0.70 @ 1.0 30 1000 @ 30
90SQ030 0.375 @ 1.0 30 1750 @ 30
SB330 0.35 @ 1.0 30 500 @ 30
1N4148 1.0 @ 0.1 100 0.025 @ 20
1N914 0.9 @ 0.1 75 0.025 @ 20
Multiple techniques for high-efficiency AC-DC rectification have been ex-
amined in the literature, most focusing on low-voltage piezoelectric energy har-
vesters. Synchronous rectification uses active switching instead of passive semi-
conductor diodes. This is typically performed using the comparator-controlled
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MOSFET semiconductor switches shown in figure 2.2 [35, 25, 54, 53]. These
methods report significantly lower forward voltage drops and the ability to
rectify very-low-voltage signals. Voltage doubler and multiplier configurations
are also of interest due to their ability to raise low-voltage input signals to the
levels needed for batteries and embedded systems electronics [13, 14, 16, 42].
Novel configurations have been examined as well, such as alternating between
a non-inverting and an inverting boost converter in parallel [44, 21]. However,
all of these methods require the use of active components with external power
sources at voltage levels greater than the input voltage level. This adds the com-
plexity of a startup mechanism to raise the available voltage before achieving
these efficiency levels. As a result, there is still a significant need for a simple,
high-efficiency AC-DC rectification method.
Figure 2.2: Schematic of an active switch using a comparator and a MOSFET
This work examines a low-loss mechanical AC-DC rectification scheme for
piezoelectric energy harvesting using magnetically actuated reed switches. The
concept was first introduced in [69], where the idea is presented and initial ex-
perimental data of the system operation is shown. The reported results suffer
from the effects of gravity due to the vertical excitation of the harvester. This
work takes the next step, showing the results of a horizontally-aligned exper-
imental setup, removing the effect of gravity from the experiment. It also de-
velops a theoretical model to describe the expected performance over a range
of conditions. It is organized as follows: first, the mechanical rectification with
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reed switches technique is described. A theoretical model of its performance
is developed to explore the operating conditions where its use is desirable. A
novel hybrid method is then introduced and examined to create a very appeal-
ing low-loss AC-DC rectification technique. The technique is then experimen-
tally demonstrated and verified to produce higher output voltage levels than a
semiconductor diode full-bridge rectifier.
2.2 Reed switches
A reed switch is comprised of two thin and flat cantilevered leads placed in very
close proximity inside of a vacuum sealed casing (figure 2.3). When a magnetic
field is introduced, either using a hard magnet or an inductive coil, the individ-
ual leads are magnetically polarized in the direction of the field. This causes the
ends of the leads in the vacuum-sealed casing to be oppositely poled. When the
strength of magnetic attraction overcomes the stiffness of the leads, they close
and create a very low resistance electrical connection. The switch opens when
the magnetic field is removed or becomes too weak.
Figure 2.3: Diagram of a magnetically actuated reed switch
Figure 2.4 illustrates the expected behavior for the reed switches when ac-
tuated using a permanent magnet whose poles are aligned along the leads of
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the switch. Figure 2.4(a) shows the behavior as the relative separation between
the center of the magnet and the reed switch is varied parallel to the leads. Fig-
ure 2.4(b) shows the behavior for the relative motion perpendicular to the leads.
There are three regions shown: ‘open’, ‘hold’, and ‘close’. The ‘close’ and ‘open’
regions correspond to when the leads are in contact and not in contact, respec-
tively. The ‘hold’ region represents the magnetic hysteresis exhibited by the
switches. When the magnet is nearing the reed switch and crosses into the ‘hold’
region from the ‘open’ region, the leads stay separated. The magnet must cross
into the ‘close’ region for the force of magnetic attraction to be greater than the
stiffness of the leads. However, when the magnet moves out of the ‘close’ region
and into the ‘hold’ region, the leads stay attached due to the residual magnetic
polarity of the leads. The magnet must cross into the ‘open’ region for the force
due to the stiffness of the leads to be greater than the magnetic attraction. It is
in this manner that reed switches exhibit magnetic hysteresis.
(a) (b)
Figure 2.4: The ‘close’ and ‘hold’ regions which describe the behavior of a mag-
netically actuated reed switch [29]
Table 2.2 presents some pertinent specifications for a selection of commer-
cially available small-scale reed switches. The contact resistance is denoted by
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RC , tO is the operation time (including bouncing due to contact), tR is the re-
lease time, l is the enclosure length, and d is the enclosure diameter. The contact
resistances are minimal as expected. However, the mechanical nature of the
switch results in significantly slower response times than those achievable with
semiconductor switches. For instance, given a 0.75 ms operating time, if we as-
sume a maximum acceptable lag time of a quarter-period, we would be limited
to frequencies lower than approximately 333 Hz. It is significant to note, how-
ever, that the majority of environmental vibration sources explored for energy
harvesting applications lie below this cutoff.
Table 2.2: Characteristics of small-scale commercially available reed switches.
Manf. Num. RC(Ω) tO(ms) tR(ms) l(mm) d(mm)
MARR-5 0.1 0.75 0.3 19.69 2.66
MARR-1 0.1 0.75 0.3 19.05 2.66
KSK-1A35 0.15 0.5 0.1 10.5 1.95
2.3 Reed switch rectification
Mechanical AC-DC rectification by magnetically actuating reed switches uti-
lizes the oscillatory motion exhibited by many vibration energy harvesters. Fig-
ure 2.5 shows an electromechanical schematic of the technique. As the can-
tilevered beam oscillates to its peak deflection, the magnetic tip mass causes the
reed switches to close. To achieve the equivalent of full-bridge AC-DC rectifica-
tion, two pairs of reed switches are used, SWP1 and SWP2. The leads attached to
the electrodes of the piezoelectric patch on the beam are split to one reed switch
in each of the pairs. The outputs from the reed switches are then combined such
that the reed switch in the first pair attached to the top electrode is connected to
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the reed switch in the second pair attached to the bottom electrode. When the
piezoelectric is producing a negative voltage, the pair of reed switches which
are closed cause the output signal to be positive. When the piezoelectric voltage
is positive, the output stays positive. It is by this arrangement of the switches
that the signal is rectified.
Figure 2.5: Electromechanical schematic of mechanical AC-DC rectification us-
ing magnetically actuated reed switches
The performance of the system is primarily dictated by the relationship be-
tween the tip deflection amplitude and the pull-in distance for the magnet and
reed switch pair. It is also affected by the size of the “hold” region shown in
figure 2.4, i.e., the amount of magnetic hysteresis exhibited by the magnet and
reed switch pair.
2.3.1 Theoretical modeling
A numerical model of the voltage output for a half-period allows for the exam-
ination of the effectiveness of mechanical AC-DC rectification by magnetically
activated reed switches. The model is evaluated over only an oscillation half-
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period due to symmetry. Equation (2.1) shows the formulation of the models for
the full-bridge rectifier using ideal diodes, Videal, an offset diode model, Voffset ,
and the mechanical reed switch rectification, Vreed. For the model, Vγ = 0.4 V.
Videal = Asin(2pit) (2.1)
Voffset =
 Videal − 2Vγ : Voffset > 2Vγ0 : Voffset < 2Vγ (2.2)
Vreed =

0 : t < tdelay
Videal : tdelay < t < topen
0 : t > topen
(2.3)
The proximity delay, tdelay, is the amount of time it takes for the magnet to
enter the “close” region from the start of the half-period. The switch reopens at
topen, which is determined using equation (2.4). The magnetic hysteresis of the
reed switch, nhyst, is defined using the proximity delay. For instance, for a 50%
hysteresis the switch stays closed for tdelay/2 seconds longer than it would with
no hysteresis. For the purposes of this model, the “close” region is defined as
the time tdelay <t <T/2 + tdelay · (nhyst − 1). Figure 2.6 shows an example of the
results of the numerical model as well as the effect of the magnetic hysteresis
for a 10 V amplitude input signal. The line at 0.35 represents where the switch
would close without hysteretic behavior and the line at 0.425 represents 50%
hysteresis.
topen =
T
2
− nhyst · tdelay (2.4)
The analysis was performed for a range of input signal amplitudes, proxim-
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Figure 2.6: Example of the theoretical modeling results of an oscillation half-
period. The arrow shows the effect of hysteresis on the switching behavior.
ity delay times, and hysteresis levels. Figure 2.7 presents the results of the cases
with nhyst = 0%, 50%, and 100%. The RMS voltage values for the reed switch
rectification method are represented by the plane. The results for the ideal and
offset diode model rectifiers are shown by marked lines which outline the posi-
tion of the planes. Note that the RMS voltage values for the diode rectification
methods are independent of the proximity delay. When the plane is flat at zero
volts, the reed switches never close during the oscillation half period and no
current is conducted. As expected, this portion of the plane occurs where the
proximity delay is greatest and its size varies with the amount of hysteresis.
The portions of the plane where the RMS voltage output is greater than the
offset diode model represents the potential for higher power output and there-
fore greater conversion efficiency. It is in these instances where the proposed
reed switch rectification method is preferable. Comparing figures 2.7(a), 2.7(b),
and 2.7(c) illustrates that greater hysteresis values result in a larger set of condi-
tions under which the reed switch method has higher RMS voltage output. This
39
0 0.1 0.2 0.3 0.4 0.5 0
5
10
0
2
4
6
8
 
Input Signal
Amplitude,  A (V)
Period Normalized Reed Switch
Proximity Delay,  tdelay / T (sec/sec)
 
O
ut
pu
t S
ig
na
l R
M
S 
Vo
lta
ge
,
 
V R
M
S 
(V
)
Ideal
Offset
Reed
(a)
0 0.1 0.2 0.3 0.4 0.5 0
5
10
0
2
4
6
8
 
Input Signal
Amplitude,  A (V)
Period Normalized Reed Switch
Proximity Delay,  tdelay / T (sec/sec)
 
O
ut
pu
t S
ig
na
l R
M
S 
Vo
lta
ge
,
 
V R
M
S 
(V
)
Ideal
Offset
Reed
(b)
0 0.1 0.2 0.3 0.4 0.5 0
5
10
0
2
4
6
8
 
Input Signal
Amplitude,  A (V)
Period Normalized Reed Switch
Proximity Delay,  tdelay / T (sec/sec)
 
O
ut
pu
t S
ig
na
l R
M
S 
Vo
lta
ge
,
 
V R
M
S 
(V
)
Ideal
Offset
Reed
(c)
Figure 2.7: Results of the model showing the RMS voltage of the output signal
as the reed switch proximity delay and the input signal amplitude vary for nhyst
= (a) 0%, (b) 50%, and (c) 100%.
is because with larger hysteresis levels the switch is closed for longer periods of
time and a larger percentage of the signal is transmitted.
2.4 Hybrid rectification
The semiconductor diode and reed switch rectification methods both possess
weaknesses which limit their application. For a diode rectifier, the threshold
voltage and the forward voltage of the diodes limit the system performance by
restricting it to higher voltage energy harvesting systems and decreasing the
40
conversion efficency. An advantage of the method is that as long as the thresh-
old voltage is met, current can be conducted. For the reed switch rectification
method, an advantage is that when the switches are closed there is no threshold
voltage and the power dissipation is minimal. This allows for the use of the
system with low-voltage energy harvesters and potentially increases the rectifi-
cation efficiency. However, as shown in section 2.2, the switches are not always
closed so current is not conducted 100% of the time. As a result, the reed switch
rectification method cannot be expected to always be more efficient than a semi-
conductor diode rectifier.
The proposed hybrid rectification scheme takes advantage of the strengths of
both the standard semiconductor diode and magnetically-actuated reed switch
rectification methods simultaneously. Figure 2.8 shows the electrical schematic
for the proposed hybrid rectification scheme. Placing a diode full-bridge recti-
fier in parallel with the reed switches allows for the transmission of electrical
energy when the reed switches are open. When the reed switches are closed,
the energy follows the path of least resistance through the low-loss reed switch
from the high VP to the lower VRL. Note in the schematic that the reed switches
are paired electrically as opposed to physically such as in figure 2.5.
2.4.1 Theoretical modeling
The theoretical model was extended to examine the hybrid rectification tech-
nique, as defined by equation (2.5). Again, only an oscillation half-period is
analyzed. Figure 2.9 shows an example of the results with nhyst = 50% and an
input signal amplitude of 10 V.
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Figure 2.8: Electrical schematic of the proposed hybrid AC-DC rectification
method using magnetically actuated reed switches and semiconductor diodes.
Vhybrid =

Voffset : t < tdelay
Videal : tdelay < t < topen
Voffset : t > topen
(2.5)
Figure 2.9: Example results of the numerical model of for the hybrid rectification
scheme for nhyst = 50%.
Figure 2.10 shows the results of the analysis for the hybrid rectification sys-
tem for the cases where nhyst = 0%, 50%, and 100%. The results of the hybrid
model are represented by the plane. The results for the ideal and offset diode
model are shown by marked lines which outline the position on the planes. For
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the hybrid approach, the offset diode model plane now represents the baseline
as opposed to zero for the reed switch results (figure 2.7). This result is im-
portant as it illustrates that according to this model the hybrid method always
produces a higher output voltage than the offset diode method. As with the
reed switch rectification method, the larger the hysteresis effects the higher the
output RMS voltage. Note that the proximity delay point where the increase in
performance starts for the hybrid rectification system is now independent of the
input signal amplitude.
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Figure 2.10: Results of the model for the hybrid technique showing the RMS
voltage of the output signal as the reed switch proximity delay and the input
signal amplitude vary for nhyst = (a) 0%, (b) 50%, and (c) 100%.
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2.5 Experimental validation
2.5.1 Experimental setup
Figure 2.11: Mechanical schematic of the experimental setup for the AC-DC
rectification by magnetically actuated reed switches methodology.
Figure 2.11 shows the schematic of the mechanical aspects of the experimen-
tal setup. Figure 2.12 shows a labeled picture of the actual setup. A 200.0 x 25.9 x
0.4 mm cantilevered beam served as the experimental prototype. As mentioned
previously, the horizontal alignment of the beam minimized the effects of grav-
ity on the experiment. A rapid-prototyped ABS plastic 32.5 g tip mass was se-
cured 36.70 mm from the tip of the beam. This produces a first bending mode
natural frequency of 5.07 Hz with a damping ratio of 0.00974. Two Mide´ QP16n
QuickPackTMpiezoelectric patches with measured capacitances of 117 and 102
nF were epoxied to the base of the beam and connected electrically in parallel.
Hamlin H-33 magnets attached to either side of the tip mass actuated the two
Hamlin MARR-1 reed switch pairs. Reed switch holders, rapid-prototyped out
of ABS plastic, were bolted to an aluminum x-channel frame to provide position
control in all three axes.
The beam was attached to a Bru¨el & Kjæl 4809 electromagnetic shaker pow-
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Figure 2.12: The experimental setup for mechanical AC-DC rectification by
magnetically actuating reed switches.
ered by a Bru¨el & Kjæl 2718 power amplifier. The beam was excited off reso-
nance at a constant 3.7 Hz to provide more predictability for the tip deflection
amplitudes. The low damping ratio of the beam caused a very sharp peak in
the response amplitudes at the first natural frequency. Slight variations in the
setup would produce very significant changes in the tip deflection amplitude,
the parameter of interest for the mechanical rectification method. Therefore,
to set up the system for experimental validation of the proposed rectification
method, greater control was chosen over increased power density levels.
The full bridge rectifying circuit used in conjunction with the mechanical rec-
tifier consisted of four 1N5818 Schottky diodes, whose characteristics are listed
in table 2.1. Figure 2.13 provides a closer view of the reed switches, the mag-
netic tip mass of the experimental setup, and the spacings used during the ex-
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(a) (b)
Figure 2.13: (a) A close-up of the mounted reed switches and (b) the orientation
of the reed switches with respect to the magnets on the tip mass.
perimental results reported herein.
2.5.2 Experimental results
The beam was excited at a tip deflection amplitude which actuated the reed
switches. As the excitation frequencies were well below the operational limits
of the reed switch, the tip deflection was the only concern for the experimental
validation tests. It is important to note that the excitation frequency and am-
plitude were kept constant during all of the tests reported herein. The output
voltage from the rectifiers was captured for a period of 3.75 oscillation cycles.
Figure 2.14 shows the experimental results of one and a half oscillation peri-
ods for all three tested setups: the semiconductor diode rectifier using 1N5818
Schottky diodes, the reed switch rectifier, and the hybrid methodology. Figure
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Figure 2.14: The experimental results of (a) the reed switch rectification method
and (b) the hybrid scheme compared to a semiconductor diode full-bridge rec-
tifier.
2.14(a) shows the results of the reed switch experiment as compared to the diode
rectifier. Note that when the switches are closed, the output voltage is always
greater for reed switch rectification. The effect of hysteresis is also visible as the
output voltage waveforms for the reed switch method are not symmetric about
the peak. The hybrid rectification method shows that current is conducted when
the reed switches are open (figure 2.14(b)).
Also of note for both experiments is the variation of the peak voltage from
one half period to the next. Although not shown here, when viewed for the full
3.75 periods it is clear that the maximum voltage of the piezoelectric harvester
is different when deflected in one direction compared to the other. This occurs
consistently between all of the experiments no matter the electrical circuit at-
tached to the harvester. Therefore, it can be attributed to the 15% asymmetry
between the piezoelectric capacitances for the two patches.
Lastly, there is a noticeable difference in voltage between the standard diode
waveform and the reed switch or hybrid rectification methods. This difference
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is analogous to the semiconductor diode forward voltage and is a maximum of
approximately 0.2 V (0.1 V for each diode). This is significantly smaller than the
0.7 V listed in table 2.1 for the 1N5818 at 1.0 A. The forward voltage is highly
dependent on the load current level and the lower the current, the lower the
forward voltage. Therefore a significantly smaller forward voltage is expected
since the current levels are significantly lower than 1.0 A.
Table 2.3: The experimental RMS voltages calculated over 3.75 oscillation peri-
ods for the three rectification methods.
Rectification Method VRMS(V )
1N5818 Diode 1.62
Reed Switch 1.57
Hybrid 1.73
Table 2.3 displays the results of the three experiments. In this situation,
the reed switch mechanical rectification method performs 3.1% worse than the
Schottky diode rectifier. As the model shows, whether the reed switch method
produces a higher RMS output voltage than the standard diode rectifier relies on
the input voltage amplitude, the proximity delays and hysteresis levels. Figure
2.14(a) shows significant proximity delay for the second complete half period
and this is the greatest contributor to the worse performance. This is corrobo-
rated by the performance of the hybrid system, which has a 6.8% higher RMS
output voltage than the standard diode rectifier. By allowing the transfer of
power when the reed switches are open the effect of the proximity delay is min-
imized and the performance increases. Note again that the exact positioning
and tip deflection amplitude were the same between the reed switch and hy-
brid experiments.
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2.5.3 Theoretical model validation
To verify the accuracy of the theoretical models for predicting the behavior of
the rectification methods, the independent variables were matched to that seen
in the experiment. Specifically,A = 2.64 V, tdelay/T = 0.114, Vγ = 0.100 V, and nhyst
= 0.500. The amplitude was chosen based on the maximum voltage seen from
the three experimental results. Figure 2.15 shows the results of the model valida-
tion comparison. The offset diode model used for the semiconductor full-bridge
rectifier shows the expected differences at the start and end of the half-period.
The use of a piece-wise diode model, for example, would result in greater ac-
curacy at these locations. However, it can be seen that the model not capturing
this behavior does not significantly alter the results.
For the proposed rectification methods, the presented theoretical models
show close agreement with the experimental results. The reed switch recti-
fication model accurately captured the effects of the proximity delay and the
hysteresis. The oscillations about zero before the switch fully closes are related
to the bounce of the reed switch, which is when the two reeds strike one an-
other and oscillate until reaching a closed steady state. This phenomenon was
not captured by the model but has a limited effect on the overall results due
to the low voltage levels. The not-quite instantaneous drop in voltage at the
end of the conduction period (at ≈ 0.44 sec/sec) is also not captured. This phe-
nomenon was seen in independent reed switch testing and is hypothesized to
be the combined result of the non-zero release time and the non-zero contact
capacitance.
The results of the hybrid rectification experiments show good agreement
with the model in that has a higher RMS output voltage than both the diode and
49
0 0.1 0.2 0.3 0.4 0.5
−0.5
0
0.5
1
1.5
2
2.5
3
Period Normalized Time,
t/T (sec/sec)
Vo
lta
ge
 (V
)
 
 
Ideal Theo.
Offset Theo.
Diode Exp.
(a)
0 0.1 0.2 0.3 0.4 0.5
−0.5
0
0.5
1
1.5
2
2.5
3
Period Normalized Time,
t/T (sec/sec)
Vo
lta
ge
 (V
)
 
 
Ideal Theo.
Reed Theo.
Reed Exp.
(b)
0 0.1 0.2 0.3 0.4 0.5
−0.5
0
0.5
1
1.5
2
2.5
3
Period Normalized Time,
t/T (sec/sec)
Vo
lta
ge
 (V
)
 
 
Ideal Theo.
Hybrid Theo.
Hybrid Exp.
(c)
Figure 2.15: Comparison between the results of the theoretical model for A =
2.64 V, tdelay/T = 0.114, nhyst = 0.500, and Vγ = 0.100 V for the (a) 1N5818 Schottky
diode method, the (b) reed switch method, and the (c) hybrid method.
reed switch rectification methods. However, comparing waveforms shows that
the model does not capture some of the experimental behavior. In the model
waveform the voltage instantaneously jumps from the offset diode curve to the
ideal diode curve when the reed switches close. In the experimental waveform
this jump is not visible. This difference can be attributed to the assumptions
made in the model: the use of the offset diode model, no reed switch contact
resistance, as well as instantaneous close and release times for the reed switch.
Lastly, the overall voltage levels for the reed switch and hybrid rectifica-
tion methods are consistently lower than those predicted by the model. This
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is due to the assumption that the the magnetic interactions were negligible in
this work. However, the permanent magnet on the tip mass could interact with
the ferromagnetic leads in the reed switches or even any surrounding ferromag-
netic metals. Incorporating these effects in a theoretical model is a daunting task
due to the methods available for modeling magnetic field behavior and forces.
However the possible effects of these forces should be explored to more fully
determine the sources of power dissipation for both the reed switch and hybrid
rectification methods.
2.6 Discussion
The results of the presented reed switch and hybrid rectification models allow
for the informed design of effective low-loss, low-voltage systems. To create
a theoretical model of the reed switch and hybrid rectification methods which
captures more of the behavior requires the incorporation of multiple complex
phenomenon, as mentioned in section 2.5.3. Future work should also include
an accurate piezoelectric model accounting for electromechanical back-coupling
effects from the electrical load. These effects were negligible in the presented
work due to the measurement of the rectifier output at open circuit conditions.
Also, the experimental setup used to verify the expected behavior of the
system was excited off-resonance to allow for more predictable tip deflection
behavior. However, typical vibration energy harvester designs investigate res-
onant or broadband excitation. One method for accommodating the significant
frequency-dependence of a vibration energy harvester’s response is to place an
array of switches parallel to the path of the tip mass, as opposed to just beyond
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the extremes. Figure 2.16 illustrates the proposed configuration. This arrange-
ment would allow for the actuation of pairs of switches at deflections less than
the maximum amplitude. It should be noted that a minimum amount of sep-
aration should exist between SWP1 and SWP2 to prevent shorting the rectifier.
As a result, while the proximity delay can be decreased using this method, one
must always be present to prevent failure.
Figure 2.16: A mechanical schematic of the use of an array of reed switches
parallel to the path of the tip mass for improved frequency-dependent behavior.
2.7 Conclusions
A low-loss hybrid AC-DC rectification technique is presented and evaluated
to show higher performance levels than semiconductor diode full-bridge rec-
tifiers. It utilizes a hybrid of mechanical switching by magnetically actuating
reed switches and passive semiconductor diodes. Therefore, there is no power
overhead requirement due to additional electronic components.
A theoretical model predicted the performance of the proposed rectification
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scheme as compared to an offset diode model full-bridge rectifier. The hybrid
rectification method’s performance depends highly on the percentage of time
during an oscillation half-period the switches are closed, dictated by the prox-
imity delay and the hysteresis. Experiments performed below the resonance of
the harvester showed a 6.8% increase in the output RMS voltage over a Schot-
tky diode rectifier. A new configuration for the reed switches is also presented
which would exhibit better broadband performance.
Lastly, although not examined in this work, both the reed switch and hybrid
methods show potential for the rectification of low voltage harvesters. This is
due to the small contact resistance of the reed switches and their operational de-
pendence on the beam’s tip deflection relative to the reed switch pull-in distance
as opposed to the output voltage levels.
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CHAPTER 3
SELF-RELIANT AVIAN BIO-LOGGER: ENERGY STORAGE
CONSIDERATIONS
3.1 Introduction
As the capabilities of microcontroller (MCU) systems and communication elec-
tronics expand, the number and variety of feasible applications for low-power,
low-mass embedded systems is drastically increasing. Particularly in the area
of wireless sensor nodes for scientific studies. A key limitation for many new
systems is the inability to provide adequate and robust energy. A robust energy
supply is important as the system can take a greater frequency and a wider vari-
ety of measurements. Or put simply, more energy allows us to do more science.
Avian bio-logging and tracking is a highly desirable application [75, 56, 61,
62] which possesses very extreme design requirements as the bird needs to be
able to fly unhindered. Multiple studies have been dedicated to setting a base-
line for allowable payload on birds and the U.S. Geological Survey places a
limit of 3-4% of the bird’s body mass [26]; however, no consensus has yet to
be reached in the literature [9, 10, 3]. Clearly, minimizing the payload intrusive-
ness by focusing on low volume and mass must remain a priority for the system
design.
Avian migration studies are of particular interest with many topical reviews
that mention the subject [8, 23, 6]. As migrations typically occur over the course
of a year, these studies have long duration requirements, making a complex
challenge even harder. The only reported systems with operational durations
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long enough for a migration study are a 9 g geolocation logger [1], a 200 g GPS
transmitter [43], and the 12 g solar-powered UvA-BiTS GPS tracking tag and
acceleration bio-logger [5]. The 9 g geolocation logger lasts 8 years, but must
be recaptured as it cannot upload the data remotely. The 200 g GPS transmitter
lasts 300 days, but it is not designed to store large amounts of data and transmits
the locations to nearby base stations frequency. The 12 g UvA-BiTS GPS tracking
tag and acceleration bio-logger can theoretically operate indefinitely due to the
onboard solar panels and battery. However, as with the other tracking tags,
it’s relatively large mass severely limits the number of bird species which can
carry it. Coupled with the high demand for this capability in a device, it is clear
technological limitations remain.
A couple of methods for decreasing the mass and increasing the capabilities
of tracking tags and bio-loggers have been pursued by researchers in the liter-
ature. The use of solar energy harvesters on tracking tags has been in practice
since 1973 [52]. Recharging batteries reduces the necessary energy storage as it
no longer has to start out with all of the energy required over the duration of
the study. These systems can achieve self-reliant operation as well, where the
system either harvests more energy than required for operation or modulates
its operation based on the level of stored energy. Multiple of these devices have
been developed [5] and are even commercially available [66]. However, the
characteristics of the energy storage still dictate the maximum operation load
that the device can sustain for a set period of time. Another tactic is the combi-
nation of data logging functionality with wireless transmission, resulting in sys-
tems where catch-and-release is not necessary to obtain the data [70, 5]. These
tags can also be deployed with smaller amounts of on-board memory. Decreas-
ing the footprint of the memory increases the amount of payload which can be
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devoted to energy considerations, allowing for longer duration deployments.
There are multiple types of commercial small-scale energy storage devices;
however, they have very different performance characteristics. This makes
meeting the energy and power requirements of wireless data communication
and self-reliant operation a challenge. Figure 3.1 shows the specific energy and
power information listed for a variety of commonly available small-scale energy
storage devices (see appendix table A.1). Batteries have significantly higher spe-
cific energy levels than capacitors and super capacitors. The values for small-
scale batteries shown in figure 3.1(a) are an order of magnitude lower than the
∼150 Wh/kg reported for lithium batteries due to a more significant portion of
the overall mass being limited to packaging [59, 68]. However, many super ca-
pacitors have higher specific power levels and are commonly used for wireless
data transmission tasks [64]. Surveyed super capacitors less than 1 gram did
not show these advantages (figure 3.1(b)).
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Figure 3.1: The calculated (a) specific energy and (b) specific power specifica-
tions for commercially available small-scale energy storage devices.
As a result of the high specific power of super capacitors and the high spe-
cific energy of batteries, many researchers have explored a hybrid energy stor-
56
age approach [33, 30, 19]. These studies have looked at both passive and active
configurations of batteries and super capacitors. The advantage of a hybrid sys-
tem is the ability to provide higher instantaneous power levels than just batter-
ies. They are used significantly for high-power pulse loads [30, 19]. However,
Sikha et al. (2005) plotted the specific energy vs. the specific power, a Ragone
plot, of hybrid systems against battery systems and concluded that battery sys-
tems are preferable for applications where minimal mass is a priority.
The purpose of this work is to address the energy storage considerations for
a self-reliant avian bio-logger using small-scale lithium batteries. With a robust
energy storage system, measurements can be taken more frequently to result
in more data per study. The goal of our bio-logger is to monitor the subject’s
metabolism, transmit the data at points along the migration path, and have an
overall system mass less than 4 g [56]. Multiple energy harvesting techniques
are being explored to recharge the on-board energy storage mid-flight. Specifi-
cally harvesting the vibration energy from the flapping of the bird’s wings and
solar power [58, 62, 61]. Due to the expected mass of the energy harvesting
transducers and the main system components, the battery must be less than 1 g.
The energy and power requirements for the bio-logger are predicted by an over-
all system power and energy model. The primary design considerations for the
energy storage are then explored experimentally. Lastly, a preliminary system
is described which is able to provide high energy density storage for long dura-
tions and supply the power necessary for the bio-logger electronics, including
the wireless communication. As a result, the capabilities of the proposed sys-
tem increase the ability of scientists to perform remote, mass-restricted studies
on wildlife in situ.
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3.2 Bio-logger energy and power budget
To determine energy and power requirements for the bio-logger, an initial pro-
totypical system was designed. The system is based on the ATmega128RFA1
microcontroller (MCU) with integrated 2.4 GHz RF communication. Although
2.4 GHz is inappropriate for the data communication of this application, it is
used as a power requirement reference in this work due to the complexity in-
volved in designing the specific communication system. The primary function-
ality of the proposed avian bio-logger is the measurement of the bird’s uric acid
levels to determine its metabolic rate. The uric acid sensor’s periodic calibra-
tion lasts 15 minutes and each measurement requires 3 minutes. The sensor
and its accompanying conditioning electronics require 81 µW [24]. Two other
main components included in the power budget are the DS1337 serial real-time
clock and the LTC4071 Li-ion/polymer battery charger. The real-time clock al-
lows for longer-duration task scheduling and a more robust time-stamp than
available solely with an MCU. The battery charger acts to protect the battery
from over-charging and over-discharging. It limits the charging voltage to 4.1
V using an internal shunt regulator and completely isolates the battery from
the load if its voltage drops to 2.7 V. This is advantageous because the battery
charger consumes less power than the MCU active state and allows the MCU
sleep state to be a larger portion of the duty cycle.
3.2.1 Energy and power requirements
Table 3.1 lists the reported power requirements for the bio-logger components.
While the MCU and uric acid sensor are operating at a regulated 3.0 V, the real-
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time clock and the battery charger are connected directly to the battery. This was
done for the real-time clock so that complete loss of power from the regulated
3.0 V supply for the MCU does not result in a loss of timekeeping for the system.
For the power requirements, both were assumed to use the maximum 4.1 V
seen from the examined batteries. More details on the specific batteries will be
discussed in section 3.3.1.
Table 3.1: Component power requirements for the bio-logger.
Component State Voltage (V) Current (mA)
ATmega128RFA1 16 MHz Active 3.0 4.5
Deep Sleep 3.0 2.5 ×10−4
TX 3.0 14.5
RX 3.0 12.5
DS1337 Active 4.1 0.15
Timekeeping 4.1 6 ×10−4
LTC4071 Active 4.1 1.2 ×10−3
Uric Acid Sensor Active 3.0 8.1 ×10−2
The expected power consumed during different modalities of behavior for
the bio-logger can be calculated. These modalities are: the MCU active state,
the system sleep state, wireless data transmission (TX) and receiving (RX), and
sensing. When the system is in its active state, the MCU draws approximately
4.5 mA. The real-time clock would also be in its active state to communicate
with the MCU. This adds 0.15 mA along with the battery charger’s 1.2 µA to
the current draw. As a result, the active state requires 14 mW. Using the same
reasoning, the system’s sleep state draws 8.13 µW, wireless transmission draws
43.5 mW, and receiving draws 37.5 mW. For the uric acid sensor, the MCU does
not need to be in the active state except at the very beginning and end of the
operation. Therefore when the uric acid sensor is operating the system draws
89 µW.
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Based on the power consumption of the different modalities, energy require-
ments can be determined for different system tasks. These tasks are: wireless
data upload, pinging to attempt to locate a base station, calibrating the uric
acid sensor, taking a measurement, saving the measurement, sleeping between
measurements, and checking the state-of-charge (SOC) of the battery. Multiple
parameters need to be determined to calculate an estimate for the amount of
energy required to upload the saved data to a base station. First, the standard
802.15.4 transmission rate of 250 kbit/s is assumed. At this rate it would require
8 sec to transmit 256 kByte worth of memory. The amount of memory required
depends on multiple factors as well, but the 256 kByte M24M02-DR is available
in very small SO78N and WLCSP packages and is used for these calculations.
This can be thought of as the case where only very infrequent data uploads are
possible. A conservative estimate is 10 sec for the transmission to account for
any additional protocols, resulting in approximately 435 mJ. For a 4.1 V battery,
this is≈29 µAh. A ping is the system sending out a short transmission and then
listening for a response. In this instance we will assume both actions take 2 sec-
onds to allow for multiple attempts in succession, resulting in approximately
160 mJ. For a 4.1 V battery, this is ≈11 µAh. As mentioned previously, the uric
acid sensor calibration test lasts 15 minutes and the measurement lasts 3 min-
utes. Each calibration requires 80 mJ and each measurement requires 16 mJ,
translating into ≈5.4 µAh and ≈1.1 µAh for a 4.1 V battery. Once the measure-
ment has been taken, the system needs to save it to the memory. The amount of
time this task takes depends on multiple factors and is assumed to be 1 second.
This corresponds to 14 mJ of energy and ≈1 mAh on the battery. Between the
measurement tasks the system is in its sleep mode. If we assume the system is
not asleep for more than an hour at a time, it will require less than 30 mJ, or ≈2
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µAh.
The last system task is checking the SOC of the battery. For this task, the
system will wake up, check the battery SOC with a voltage measurement, up-
date the state flags, and go back to sleep. State flags refer to logic bits telling
the MCU what state it is in when it wakes up from a sleep mode. Using the
ATmega128RFA1 datasheet, a maximum of 300 µsec for a voltage measurement
can be expected. As multiple factors dictate the time required to update the state
flags in the memory, it is lumped into a conservative estimate of 1 msec for each
time. Therefore the system consumes 14 µJ of energy each time, or ≈1 nAh.
3.2.2 Operating scenario
To determine the energy requirements which need to be supplied by the energy
storage system, the amount of energy consumed by the system over the course
of a typical day of migration activity is calculated. Assume during normal op-
eration the system calibrates the uric acid sensor once. It then makes a uric acid
sensor measurement and sends out a ping every hour. Also assume the system
is otherwise active for a total of 1 second each hour to perform all of the nec-
essary activities, such as measuring the battery SOC and saving data. The uric
acid sensor calibration consumes approximately 80 mJ. Each hour the system
consumes approximately 220 mJ, including the time spent in the sleep mode.
As a result, over the course of the day the system consumes 5.36 J. For a 4.1 V
battery this corresponds to 363 µAh. Depending on the complexity of the em-
bedded software on the bio-logger, other scenarios can be taken into account as
well. For example, the behavior of the system while the bird is nesting or when
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the system detects a low SOC and goes into a separate “low-battery” mode.
3.3 Energy storage system design
The design of the energy storage for the bio-logger is paramount for the robust
operation of the system. Loss of power for significant periods of time or damage
to the battery results in large data gaps or no data at all. Careful consideration
must be given to the various nonlinear behaviors the batteries exhibit.
3.3.1 Proposed battery systems
For this work, two MEC220-4P’s connected in a passive parallel configuration
and a single MEC201-10P were examined (table 3.2). It should be noted that the
two batteries in parallel have an equivalent capacity of 800 µAh as compared
to the 1 mAh for the single battery. Placing batteries in parallel configurations
has been explored in the literature using valve-regulated lead acid (VRLA) bat-
teries. A passive parallel configuration is a method for combining the output of
multiple cells which requires minimal additional conditioning circuitry [45, 15].
The advantage of using multiple smaller batteries comes from the adaptability.
Due to the small thickness of the cells, the difference in the amount of space 2
or more batteries takes up compared to a single one is minimal. As a result, a
single system can be designed for a range of bird species and maximum pay-
load sizes. For example, with the MEC220-4P’s the batteries can be placed in a
slot that is 25.4 x 12.7 x 1 mm. For the smallest birds, the minimum necessary
number of cells can be used and the bio-logger behavior programmed accord-
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ingly. However, for larger birds which can carry more mass, additional cells of
the same model can easily be added to increase the energy storage. By having
more energy storage capacity, the bio-logger can be programmed to take mea-
surements much more frequently, resulting in more data and more informative
studies. These models were chosen due to their high specific power compared
to the other batteries surveyed (figure 3.1).
Table 3.2: Specifications of the Infinite Power Solutions MEC220-4P and
MEC201-10P lithium batteries.
Specification MEC220-4P MEC201-10P
VOC(V ) 4.1 4.1
Dimensions (mm) 25.4 x 12.7 x 0.17 25.4 x 25.4 x 0.17
Mass (g) 0.255 0.490
RInt.(Ω) 100 35
Imax(mA) 15 40
Capacity (mAh) 0.4 1.0
Cycles 100,000 100,000
Spec. Power (W/kg) 241 335
Spec. Energy (Wh/kg) 6 8
3.3.2 Experimental characterization
Experiments were performed to verify the manufacturer-provided specifica-
tions and the expected performance for the two MEC220-4P’s in parallel. The
experimentally observed non-linear behavior can then be used to design a more
robust system. The batteries were charged and discharged in conjunction with
the LTC4071 battery charger (figure 3.2).
Figure 3.3 shows the results of the discharge experiments. The curves start
from the fully charged state at 4.1 V and end when the LTC4071 disconnects the
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Figure 3.2: Experimental setup for battery charging and discharging using the
LTC4071 battery charger.
battery at 2.7 V, above the 2.1 V minimum specified by the manufacturer. The
SOC is defined as the remaining energy stored on the battery normalized by
the total capacity. The initial voltage drop shown in figures 3.3(a) and 3.3(b) is
due to the internal resistance of the batteries. The two MEC220-4P batteries in
parallel perform very similarly to the single MEC201-10P with the exception of
the expected differences due to the different capacities.
The experimental operation time, final SOC, specific power, and specific en-
ergy were calculated for each test (figure 3.4). Figure 3.4(a) shows that both sys-
tems are able to provide an average power greater than 50 mW for more than
40 sec from the fully-charged state. As a result these tests confirm the ability
of the batteries to perform the 10 second, 43 mW data communication estimate
calculated earlier. However, these experiments showed that the battery cou-
pled with the LTC4071 produced specific power levels significantly below the
manufacturer-provided values (figure 3.4(c) and table 3.2). Attempts to extract
more power from the batteries caused the LTC4071 to immediately isolate the
battery as the initial loaded voltage dropped to 2.7 V.
Figure 3.4(d) shows that the experimental specific energies are very close
to the manufacturer-provided specifications at low loads (table 3.2). When the
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(a) (b)
(c) (d)
Figure 3.3: Experimental battery discharge curves for the (a & c) the MEC201-
10P and (b & d)the two MEC220-4P’s with C = 0.
load increases, the specific energy decreases. This is explained by the final SOC
values in figure 3.4(b), which increase as the average power increases. This
behavior can also be seen in figures 3.3(a) and 3.3(b), which show the battery
voltage dropping to 2.7 V earlier in its discharge as the load resistance decreases.
For a robust bio-logger energy system, the trends in specific energy and power
must be taken into consideration when determining the necessary capacity.
Another factor which must be taken into account is the variability of the
practical battery specifications, mainly the internal impedance. This starts with
the inherent inconsistency of manufacturing lithium batteries and continues
as individual cells experience different loads or operating conditions. How-
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Figure 3.4: Performance comparisons of the two MEC220-4P’s in parallel and
the MEC201-10P battery for the (a) operation time, (b) final SOC, (c) specific
power, and (d) specific energy.
ever, experiments were performed to show that the same behavior exhibited
by VRLA batteries can be expected for the examined lithium batteries as well
(figure 3.5).
The 10 kΩ charging case is not shown because the charge current is lim-
ited to 0.41 mA by the input resistor and therefore for that test the result does
not illustrate the behavior of the batteries themselves. The individual MEC220-
4P marked by the dashed gray line provides more power during discharging
tests and draws more power during charging tests. The consistency verifies the
expected behavior that the system automatically adjusts the load distribution
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Figure 3.5: Power outputs from individual batteries (solid black vs. dashed
gray) during (a) discharging and (b) charging experiments for the two MEC220-
4P’s in parallel.
according to the relative impedances of the two cells.
3.3.3 System load performance
To validate the ability of the energy storage systems to meet the extreme load
demands of the bio-logger, a Keithley 2400 Sourcemeter controlled through an
RS-232 interface using the MATLAB software package emulated a prototypi-
cal wireless communication and data transmission load profile. Figure 3.6(a)
shows the load profile used. It has five pings and on the fifth, it is answered.
That results in a “handshake” to initiate the connection, another combination of
TX and RX tasks. The data is then transmitted over the course of 10 seconds.
Lastly, another “handshake” is performed to indicate the end of the data trans-
mission. All of the load values for the modalities are based on the calculated
power estimates from section 3.2.1.Both the two MEC220-4P’s in parallel and
the MEC201-10P battery (not shown) are able to provide the necessary power
profile required to complete the prototypical wireless communication and data
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transmission.
0 1 2 3 4 5 6
10−3
10−2
10−1
100
101
102
Time (min)
Ba
tte
ry
 P
ow
er
,  P
BA
TT
 
(m
W
)
(a)
0.880.90.920.940.960.981
2.8
3
3.2
3.4
3.6
3.8
4
Battery S.O.C. (Ah/Ah)
Ba
tte
ry
 V
ol
ta
ge
,  V
BA
TT
 
(V
)
(b)
Figure 3.6: Experimental performance of the two MEC220-4P’s in parallel with
a prototypical wireless communication and data transmission profile.
3.4 Preliminary system design
Using the presented energy and power budgets in conjunction with the exper-
imentally obtained data on the performance of the batteries, a preliminary sys-
tem can be designed. The MCU, real-time clock, and battery charger have al-
ready been chosen and discussed. This section will focus on finalizing the en-
ergy storage and harvesting devices for the system.
3.4.1 Energy storage system
As mentioned in section 3.3.2, the portion of the battery capacity available for
an operation is directly related to the load level. Therefore, to determine the
actual overall battery capacity needed for the bio-logger, the power and energy
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budgets for the major system tasks are compared to the battery experimental
performance.
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Figure 3.7: The projected necessary operation times for the system energy and
power model compared with the battery system experimental performance.
Figure 3.7 shows the projected requirements for operation time and battery
capacity of the system tasks defined in section 3.2.1. These were the wireless
data upload, the wireless ping, calibrating the uric acid sensor, taking a uric acid
measurement, measuring the SOC of the battery, saving the data into memory,
and putting the system in sleep mode between operations. The plots also have
the experimental performance obtained for the batteries in section 3.3.2. For
both the operation time and necessary battery energy, the major design limita-
tion comes from the wireless data communication activities, the two data points
at 43 mW.
Recall that both the two MEC220-4P’s in parallel and the single MEC201-10P
were experimentally shown to provide up to 60 mW. A survey of energy stor-
age devices (figure 3.1) showed that these batteries possessed the highest spe-
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cific power for the lithium batteries examined. As a result, the required energy
capacity cannot be easily decreased. Using only one MEC220-4P to halve the
mass would result in only being able to supply 30 mW of power, less than that
needed for wireless communication. Therefore, the two MEC220-4P’s in paral-
lel or the single MEC201-10P represent good baseline energy storage systems
for the bio-logger.
3.4.2 Energy harvesting estimates
An important aspect for a self-reliant system is energy neutral operation, i.e.
when the energy expended through normal use is equal to or less than the har-
vested energy. Previously, we described a normal daily operational scenario
requiring 5.36 J. However, it must be determined if this is a realistic amount of
energy for the solar and vibration energy harvesters to produce.
Using the 4 g goal and a 3-4% of body mass limit, the smallest bird the tag
can be attached to is 133 g. Shafer et al. (2012) report that for a bird of that size,
there is 0.5 - 1 mW of harvestable power for a 0.1 - 0.3 W/kg device. If we as-
sume the piezoelectric harvester is no more than 25% of the bio-logger’s mass
at 1 g, then we can expect at least 0.125 mW of harvested power. At this produc-
tion level, it would require 12 hours of active flight to achieve energy neutral
operation. For the photovoltaic harvester, the Spectrolabs TASC provides up to
30% efficiency in a thin package, or 27 mW/cm2. For a one square centimeter
(∼103 mg) photovoltaic cell it would take only 3.3 min of maximum power out-
put for energy neutral operation. With the combination of the two harvesting
methods, these estimates illustrate that the primary factor which will limit the
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capabilities of the bio-logger is the ability to provide the power necessary for the
data upload and that energy neutral operation for the described daily behavior
is achievable.
3.4.3 System scalability
One of the advantages of using multiple batteries in parallel as opposed to a
single larger unit is the adaptability of the energy storage. As the specific power
and energy levels dictate the amount of data which can be uploaded from the
bio-logger at one time, having a larger battery would allow for more data to
be transmitted. Or put simply, more batteries in parallel allow us to do more
science. This is limited by the remaining payload available for the species of bird
that is involved in the study. With the 2 MEC220-4P’s at 255 mg each, the 103 mg
solar cell, and the 1 g piezoelectric harvester, the major sources of mass for the
system combine to only 1.6 g. This leaves 2.3 g for the circuit components, the
packaging, and the method to attach the device to the bird. If the bird can carry
more than 4 g or the remaining items don’t combined to 2.3 g, more batteries
can be used. By placing three or more of the MEC220-4P’s in parallel on the
bio-logger more than 256 kBytes of data can be transmitted at one time. This
would allow for more frequent uric acid sensor measurements, less frequent
data uploads, and even more different sensor measurements such as location,
temperature, or barometric pressure.
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3.5 Conclusions
This work addresses the challenge of supplying power and storing energy for
a self-reliant avian bio-logger aimed at measuring uric acid levels for long-term
migration studies. Due to the limited payloads bird’s can carry without hin-
dering their flight, the mass and volume of the energy storage system must be
small to encompass as many species of birds as possible. The system must also
be able to wireless upload saved data periodically.
A preliminary system is designed and power requirements calculated for a
scenario which included different operation modalities and system tasks. The
necessary stored energy to perform the tasks, such taking a uric acid sensor
measurement or uploading the saved data, is then determined. Using these
design parameters and the experimental characterization of small-scale, thin-
film lithium batteries a baseline energy storage system is proposed. Also, the
amount of harvested energy using both piezoelectric and photovoltaic har-
vesters is predicted to show that sufficient levels can be produced to allow for
energy neutral operation during active migration flight.
The main limiting factor was determined to be the battery’s ability to provide
the necessary power for wireless communication. While the batteries chosen for
this study showed the highest specific power levels of the small-scale devices
surveyed, their ability to be placed in a passive parallel configuration allows for
increasing the maximum power and energy storage levels as high as the mass
limits allow. By doing so, more data can be transmitted at any given time. This
allows for either more sensors, more frequent measurements, or less frequent
data upload events.
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APPENDIX A
LIST OF REFERENCED COMMERCIAL COMPONENTS FOR CHAPTER 3
Table A.1: The energy storage devices listed in figure 3.1.
Manufacturer Model Number
Super Capacitors
AVX BZ013B503ZSB
AVX BZ013A703ZSB
AVX BZ113B104ZSB
Panasonic EEC-RG0V105
Panasonic EEC-RG0V224
Panasonic EEC-EN0F204J2
Panasonic EEC-EP0F333Y
Taiyo Yuden PAS311HR-VA6R
Taiyo Yuden PAS409HR-VE5R
Batteries
Infinite Power Solutions MEC225-1P
Infinite Power Solutions MEC220-4P
Infinite Power Solutions MEC120-4P
Infinite Power Solutions MEC201-10P
Infinite Power Solutions MEC202-25P
Seiko MS412FE
Seiko HB414
Capacitors
Panasonic ECJ-4YB1H105K
Panasonic ECJ-3VB1C474K
Taiyo Yuden JMK316B7106KL-T
AVX SR151C103KAR
Table A.2: The off-the-shelf bio-logger components.
Device Manufacturer Model Number
Microcontroller ATMEL ATmega128RFA1
Serial Real-Time Clock MAXIM DS1337
Li-Ion/Polymer Battery Charger Linear Technology LTC4071
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